U
ltrasound is a powerful, inexpensive, and ubiquitous tool particularly well suited for the diagnosis and treatment of critically ill patients. These patients are often complex and may present with a variety of conditions and complications. For example, infections in this setting pose unique clinical challenges and are associated with high mortality and morbidity. The mortality rate of patients admitted to an intensive care unit (ICU) with an intraabdominal infection is approximately 30% and significantly higher for patients with recurrent or postoperative peritonitis (1) . Rapid localization of an infective focus is essential. Challenges are not limited to diagnosis. Operative management strategies may be impractical or impossible in light of the marginal clinical status of these critically ill patients. Similar analysis can be applied to a wide variety of clinical entities in the critical care setting. Clearly, in this setting, increased application of bedside, minimally invasive, diagnostic, and interventional techniques is highly desirable.
The desire to quickly and effectively triage, diagnose, and treat has fueled the use of ultrasound as a screening tool in the emergent and critical care settings. As technology has advanced, this modality has become increasingly available and portable. Ultrasound machines may now be easily transported to the bedside, making it a convenient and effective tool for critical care. Studies have reported application to a wide spectrum of emergent clinical presentations, including internal hemorrhage attributed to blunt abdominal trauma, cardiac tamponade, ectopic pregnancy, renal colic (although the use of ultrasound in suspected renal colic may be of limited value, especially where computed tomography [CT] is readily available), cholelithiasis, abdominal aortic aneurysm, and foreign body localization and removal (2, 3) .
Few would disagree that it is inherently safer and more effective to perform interventions with direct visualization rather than without. Not only can ultrasound offer real-time imaging of the needle tip during interventional procedures ( Fig. 1 ) and multiplanar imaging, it can also be performed at the bedside. Centers in Europe and Japan have pioneered the use of ultrasound-guided procedures, and in these areas, ultrasound is now considered the imaging modality of choice for guiding many diagnostic and interventional percutaneous procedures (4) . Initial applications included biopsies and fluid aspirations, but ultrasound is also useful in guidance of thoracentesis, paracentesis, percutaneous nephrostomy, and cholecystostomy, localization of joint effusions, and insertion of central catheters (3) . Interventional ultrasound is generally considered to be safe and effective, and we believe it is significantly underutilized in critical care today. In the future, the frequency of various interventional procedures performed with the aid of this imaging modality will almost certainly increase (5) .
GENERAL PRINCIPLES
Indications. The indications for aspiration and percutaneous drainage of fluid collections have been identified by the Society of Cardiovascular and Interventional Radiology Standards of Practice Committee as: "the presence of an abnormal fluid collection with suspicion that the fluid is infected, the need for fluid characterization, or suspicion that the collection is producing clinically relevant symptoms" (6) .
The main indications for percutaneous drainage are to facilitate a cure and thus avoid the risks and morbidity associated with general anesthesia and surgery. It can also be utilized as a temporary procedure that either delays the definitive operation until the patient is clinically stable or converts a multistage procedure into a single-stage surgical procedure, the benefits of which are obvious in high-risk septic patients, particularly in the critical care setting.
Contraindications. The only absolute contraindication to percutaneous drainage is if the path of the drainage catheter would have to traverse a vital organ, such as the heart or a major vessel, to drain the collection.
All other contraindications are usually relative and include a significant correctable coagulopathy or the presence of material that cannot be effectively drained through a percutaneously inserted drainage tube, such as significant necrotic debris or a nonliquefied hematoma (Fig. 2) .
TECHNIQUE
Informed Consent. Informed consent should be obtained from all patients before any procedure when possible. The nature of the procedure should be explained in a coherent fashion to either the patient or the immediate family, making sure to outline all the associated risks and benefits.
Sedation and Antibiotics. A superficial abscess can often be drained utilizing local anesthesia only. Deeper pelvic and retroperitoneal abscesses are better managed with the aid of conscious sedation and the assistance of anesthesia. An intravenous narcotic in combination with a hypnotic sedative is usually appropriate. In this scenario, physiologic monitoring of the patient's vital signs is a must. In our institution, broad-spectrum antibiotic coverage is administered before the procedure to protect against life-threatening bacteremia.
Localization. We advocate utilizing imaging before intervention to localize the fluid collection, assess its size, characterize the fluid composition, and to plan a safe route for percutaneous drainage. Selecting ultrasound vs. CT is generally a reflection of operator preference and expertise. However, no single imaging modality used to guide percutaneous drainage is appropriate for all abdominal fluid collections or abscesses. It is important to realize that each case is unique and that the method and approach employed to reach a potentially infected fluid collection should be tailored to the patient, the procedure, any specific circumstances, and the expertise of the operator. We propose that ultrasound-guided intervention is particularly useful in the ICU setting given that it is portable, allows imaging in numerous planes, and allows real-time visualization of the needle and catheter, which in turn enables the operator to directly visualize and avoid vital structures. In addition, colorDoppler flow can also be employed to accurately identify vessels, allowing for superior planning of approach in draining abscesses.
Drainage Technique and Catheter Selection. Once an entry site has been selected, the skin is sterilized and draped. A local anesthetic agent is used to initially anesthetize the skin, and a small skin incision is made with a surgical blade. Small Kelly forceps can also be utilized to expand the skin incision and separate some of the subcutaneous tissues, allowing for a larger access site for the initial drainage needle. No clear scientific evidence exists to define whether a particular catheter design or size is superior for the evacuation of infected fluid collections. Catheters are available with and without parallel sump channels in both locking and nonlocking tip designs. Locking tip designs tend to provide excellent purchase within the infected fluid cavity. Catheter sizes can range from 6 to 30 Fr. Regardless of selected catheter size, the basic principle remains that the catheter should be large enough to drain the fluid into which it has been inserted. For example, 6-to 8-Fr catheters can be placed into the gallbladder for a percutaneous cholecystostomy, 8-Fr catheters are placed percutaneously to drain pleural fluid, most abdominal abscesses are drained via a 12-to 16-Fr catheter, and complex infected fluid collections can usually be drained with 19-Fr catheters.
Fluid can frequently be completely evacuated at the time of the initial drain- Figure 1 . Left, ultrasound image of an intraabdominal fluid collection that demonstrates a linear echogenic (arrows point to bright linear region) structure representing a needle traversing the subcutaneous tissue anteriorly, with the needle tip present centrally (arrowhead points to needle tip), within the fluid collection. Right, characteristic appearance of a drainage catheter in an ultrasound image; arrows point to parallel tubular echogenic densities representing the catheter. Figure 2 . Left, curvilinear probe ultrasound image of the subcutaneous tissues anterior to the femur reveals a heterogeneous, solid, infected collection between the callipers (arrow points to phlegmon) in the appropriate clinical setting. This would not be amenable to percutaneous drainage because the collection is not liquefied (i.e., it is not cystic). Right, high-frequency linear transducer ultrasound image of the previously identified collection a few days later now identifies the collection to be liquefied (arrow points to cystic liquefied collection), which now would be amenable to percutaneous drainage. Color-Doppler flow is also helpful in planning therapeutic interventions because it can identify the vasculature (arrowhead). Thus, the percutaneous approach to this collection should be from an oblique anterior location on the left. age and may become blood tinged as the cavity collapses. Some interventional radiologists advocate irrigation of the cavity at the time of drainage with sterile saline (or metronidazole for hepatic abscesses). However, it is commonly accepted that irrigation of the cavity under pressure should never be performed, as this can seed bacteria into the blood stream and produce serious septic consequences (7) .
Catheter Placement: Trocar Technique. With trocar technique, an initial 19-gauge fine needle is used to aspirate the fluid and as a tandem localizer. A catheter is then fit over a metal stiffening cannula, and a sharp metallic trocar stylet is placed within the cannula to puncture the cavity and for insertion. The entire assembly is then advanced into the fluid collection. The catheter is then advanced from the cannula, and a distal loop is formed and tightened to adequately secure the catheter within the fluid collection. This method usually works best for large and superficial fluid collections.
Seldinger Technique. This technique involves a guidewire exchange method. A guidewire is advanced through the aspiration needle and coiled within the fluid collection. The needle is then removed from over the guidewire leaving it in place as an anchor for the passage of numerous dilators aimed at widening the track to accept the chosen size of drainage catheter. The catheter/cannula assembly is then placed over the guidewire into the fluid collection. The guidewire and inner cannula are removed while the drainage catheter is simultaneously advanced. The distal locking tip of the catheter is reformed to prevent dislodgement. On ultrasound, the needle tip and catheter appear as linear tubular echogenic (bright) regions within the fluid collection (Fig. 3) .
Postprocedure Care and Follow-up. If a sump tube has been inserted, the catheter is usually attached to a low-pressure, continuous wall suction apparatus. If a Cope loop catheter has been inserted (nonsump), it is usually connected to a Jackson-Pratt continuous suction bulb. The patient should be monitored in the ICU and the catheter flushed with 3-5 mL of sterile saline to maintain patency of the catheter (7) .
Assessment of Results. After drainage of an abscess, three clinical scenarios may exist. Top, catheter assembly unit: 1) locking-tip catheters of different sizes, 2) trocar stylet, and 3) cannula stiffener. Middle, trocar technique. This usually involves the placement of a catheter into a collection without guidewire assistance. Within the center of the catheter, a sharp stylette, which keeps the catheter straight and has, as its tip, a sharp, cutting-edge metal needle, is used to perforate the collection. Initially, a 20-gauge needle (N) is inserted into the collection under ultrasound guidance (a). Under real-time ultrasound guidance, the largest possible catheter (C) with a sharp stylette is trocared along the side of the needle into the collection (b). A pop is usually felt when the tip is in the cavity, followed by aspiration of fluid to confirm catheter placement. The stylette and sharp, cutting-edge needle are then removed from the catheter while simultaneously advancing the catheter (T) into the collection (c). Bottom, Seldinger technique-guidewire exchange technique. This is a multistage technique that also initially utilizes a 20-gauge needle that is inserted into the collection under ultrasound guidance. A guidewire is then introduced through the needle into the collection. Dilators are then introduced over the guidewire, dilating up the tract to the appropriate size that will accommodate the largest possible catheter. The final stage of the technique, as identified in the diagram, involves the pigtail catheter being introduced over the guidewire while simultaneously removing the cannula from within the catheter and still maintaining purchase with the cavity, making sure the guidewire is not accidentally removed from the collection until the pigtail catheter is securely purchased within the collection. Once the pigtail catheter is secured within the collection, the guidewire is then removed. In general, fistulas can be divided into two groups: low and high output. Lowoutput fistulas drain Ͻ100 mL/day. Usually, repositioning the drainage catheter to an alternate site adjacent to the leaking site is recommended. High-output fistulas that drain Ͼ1000 mL/day have to be managed with total parenteral nutrition and with agents such as cimetidine and somatostatin analogs to reduce fluid production from the bowel and pancreatic duct. Nasoduodenal tubes or other enteric tubes traversing the bowel defects may decrease the quantity of fluid drainage and hopefully promote healing. Factors that might hinder successful healing include the concomitant administration of corticosteroids, numerous colonic perforations, underlying bowel pathology such as ischemia or a malignancy, immunosuppression, or distal obstruction. When such conditions are present, surgical management is often required (7, 8) .
Endpoints to Catheter Removal.
1. Catheter output of Ͻ10 -20 mL per day. 2. Clinical improvement with defervescence and decreasing white blood cell count. 3. Minimal residual cavity on follow-up imaging. 4. Absence of a fistula between the abscess and a hollow viscus, such as the bowel or pancreas (8) .
Complications of Percutaneous Abscess Drainage. Interventional percutaneous drainage of infected fluid collections is not without risk. Although uncommon, described complications secondary to abscess drainage include: septic shock (1-2%), bacteremia requiring significant new intervention (2-5%), hemorrhage requiring transfusion (1%), superinfection (1%), transgression of bowel requiring intervention (1%), pleural complication from an abdominal procedure (1%), and pleural complication from a thoracic procedure (2-10%) (6).
SPECIFIC INTERVENTIONAL PROCEDURES: CHEST Thoracentesis
Pleural effusions are a common problem in critical care. These may arise in a variety of clinical settings such as cardiac failure, pneumonia, neoplasia, and traumatic injury. Light (9) recently reported that effusions occur in 20 -40% of patients who are hospitalized with pneumonia. Nevertheless, although there are many different pathogeneses for pleural effusions, in the critical care setting, pathogenesis is typically due to either fluid overload or cardiac and pulmonary parenchymal diseases. Effusions may also be subclassified into complicated and uncomplicated effusions. Uncomplicated effusions are simple transudative effusions that usually resolve with medical management alone. Examples of complicated effusions are empyema, hemothorax, and malignant effusions. These do not typically respond to antibiotic treatment alone and require intervention (10) .
Thoracentesis is routinely performed and is generally considered safe; however, reports in the literature cite pneumothorax, vasovagal reactions, and more infrequently encountered adverse effects such as re-expansion pulmonary edema, hepatic or splenic puncture, infections, and hematomas as associated complications (11) . Not surprisingly, ultrasound-guided thoracentesis is associated with a lower procedural complication rate. Ultrasound permits direct visualization of both the pleural fluid, which appears as an anechoic or hypoechoic area, and the surrounding structures. It should be noted that transudative effusions are almost always anechoic, whereas anechoic fluid may be either transudative or exudative. However, if one identifies septations, debris, echogenic material, and thickened pleura, this almost always indicates a complex effusion (Fig. 4) (12) . Ultrasound can also assist in differentiating an effusion from atelectasis, consolidation, mass, or an elevated diaphragm. The two most common indications for thoracentesis in the ICU setting are draining of pleural fluid causing respiratory compromise and diagnosing and treating empyemas. Bedside ultrasound-guided thoracentesis may be safely performed in ICU patients. Currently, ultrasound-guided thoracentesis is often reserved for difficult cases, such as mechanically ventilated patients, obese patients, and loculated, atypical or small fluid collections (11) .
Technique. If possible, the procedure should commence with the patient sitting with arms elevated and clasped behind the head and with the interventionist positioned behind the patient. In the critical care setting, the procedure may be performed with the patient in lateral decubitus (the affected side up) or supine position, if necessary. Initially, one should use ultrasound to locate the diaphragm, liver, and spleen and to gain an appreciation for the overall size of effusion. The location of the fluid (or largest fluid pocket) should be marked with a pen and sterilized. Some have advocated initially using a lower-frequency, 3-to 4-MHz sector or vector probe to quickly survey the thorax and then a 7.5-MHz linear probe to localize the ribs and vascular structures. After ultrasound visualization, a puncture site allowing at least one rib space of fluid above and below should be chosen. If the collection is too small to allow for this, the patient can be asked to hold his or her breath immediately before aspiration. The area should then be injected with adequate local anesthesia, penetrating all layers between the skin and pleural surface, after which a small incision is made with a scalpel blade. The needle should be advanced under ultrasound guidance once the site has been marked. Ultrasound should establish the location of the needle within the fluid, which is then further confirmed by aspirating a small amount.
The majority of small pleural fluid collections are easily drained with trocar catheters. Initial aspiration should be performed with a 19-gauge sheath needle that also functions as a tandem localizer. A self-retaining 6-to 8-Fr catheter is then trocared, usually under ultrasound visualization. For more substantial effusions, a catheter of Ն10-Fr may be required, in which case, the Seldinger technique should be used. A lateral approach is preferred for placement of a chest tube, with the catheter situated at the midaxillary line. The chest tube is then secured to the skin with sutures and attached to a watersealed drainage system, with suction generally set to Ϫ20 cm H 2 O. There are no clear data and little consensus as to the optimal time for removal of a chest tube. At our institution, we aim to remove the tube when output has decreased to Ͻ10 mL/day; however, we recognize that this is not always the case, and a wide range of output thresholds may be acceptable. Repeat imaging should be performed to ensure no undrained collections remain. After thoracentesis, a chest radiograph to evaluate for pneumothorax should be obtained if clinical suspicion exists.
Empyema and Chest Tube Insertion
Empyemas are typically defined as pleural effusions consisting of frank pus, although some have extended the definition to include those with bacteria identified on Gram-negative stain or culture and with white blood cell counts of Ͼ15,000/mL in fluid (13) . It should be noted that empyema may arise without an associated pneumonic process. No ultrasound findings are specific for empyema. The diagnosis of a parapneumonic effusion is based on analysis of the aspirated fluid. On ultrasound, the initial stages of an empyema can be characterized by fluid that appears either anechoic or with fine linear septations. These can often be drained successfully with a chest tube. Late-stage empyemas are organized and contain a complex honeycomb pattern. Although one could consider drainage with a larger chest tube, these may require surgical decortication (14) . Patients with a parietal pleural thickness of Ͼ5 mm, or who have persisting fever and elevated white blood cell counts despite drainage and appropriate antibiotic management, may also require surgical intervention. Drainage can be accomplished by insertion of a chest tube, placed under ultrasound guidance, typically using 8-to 14-Fr catheters.
Furthermore, because empyemas are frequently loculated, successful drainage may require catheter manipulation that can be achieved by changing or up-sizing the drain or by manipulating and redirecting the drain under fluoroscopic guidance into a loculated pocket of fluid. Drainage of these loculated empyemas can be facilitated by instillation of fibrinolytics such as streptokinase, 125,000/unit administered every 12 hrs through the tube for up to 48 hrs (15). Reported success rates for chest tube insertion generally range from 70% to 94%.
SPECIFIC INTERVENTIONAL PROCEDURES: VASCULAR Central Catheter Placement
Central venous catheterization is currently the most common invasive procedure performed in hospitals, and certainly in the ICU. Although central catheter placement is an everyday occurrence in most ICUs, and often performed by junior residents, the procedure is not without risk (16) . The traditional role of the radiologist in the management of patients with central catheters has been limited to documenting catheter position on chest radiographs. There now exists, however, abundant evidence that ultrasound-guided catheter placement increases both the safety and efficiency of the procedure when compared with the classic landmark approach. To put it simply, bedside ultrasound-guided central catheter placement is safer for the patient (17) . The rationale for ultrasound-guided catheter placement is particularly compelling among critical care patients, many of whom present with difficult or complicated access.
Venipuncture Site. Venipuncture may be attempted at the internal jugular, subclavian, femoral, or upper-limb veins. Each site is associated with well-documented benefits and disadvantages. Central catheters inserted with a landmark approach typically utilize the subclavian vein. This may be due to the fact that the subclavian vein has a more predictable path than the internal jugular vein. However, thrombosis of the subclavian vein may affect the right upper limb secondary to impaired venous drainage of the arm. Should such a complication arise, at a minimum, anticoagulation and removal of the catheter may be required. We believe catheterization of the right internal jugular vein with ultrasound guidance is preferred because, anatomically, it traces a straight path to the right atrium. In addition, subclavian access increases the risks of pneumothorax and so-called pinch-off syndrome, in which a central catheter becomes obstructed due to compression between the clavicle and the first rib (17) .
Insertion and Placement. The landmark approach to venipuncture is accomplished by passing a needle toward the anticipated line of the vein using superficial anatomic landmarks on the skin's surface. In contrast, placement of a catheter under ultrasound guidance represents a technical improvement. Real-time ultrasound permits the interventionist to assess variant anatomy and patency of the target vein and to monitor passage of the needle throughout the procedure (18) . In some critical care patients, the internal jugular and subclavian veins may not be accessible. Ultrasound is a particularly important resource in such circumstances to find alternate routes for access, such as the inferior vena cava, azygos, or intercostals. Catheters placed in these sites usually terminate in the superior vena cava or near the right atrium. With ultrasound, there is a significantly reduced failure rate of cannulation, decreased need for multiple attempts, more rapid access, and reduced complications arising from insertion (18) .
Complications. Malpositioned catheters rarely cause complications. However, when complications do arise, they can be especially devastating, particularly when the catheter lodges inside the right atrial wall and causes perforation. Right subclavian access is most vulnerable to this complication (17) . By employing shorter (16- 
be reduced to Ͻ5%. Even so, correctly positioning catheters under ultrasound guidance can help reduce this complication, subsequently improving patient safety (17) .
It is known that complications increase if more than two attempts at venipuncture are unsuccessful. Ultrasound guidance is effective at eliminating multiple access attempts (16) . Failure to place the catheter and inadvertent vascular puncture are more common than tip malpositioning, and although rarely associated with mortality, they still represent a significant morbidity issue (17) . Realtime ultrasound visualization of the vein during cannulation should virtually eliminate these complications. Knowledge of safe insertion depths based on a good understanding of the vascular anatomy seen with ultrasound can also minimize incorrect positioning. We recommend the use of ultrasound to guide central venous catheter insertion, utilizing the internal jugular vein, and believe that, when possible, ultrasound-guided catheter placement should be the preferred method in the critical care setting.
Placement of Inferior Vena Cava Filters
Pulmonary embolism is a significant cause of death in critically ill patients (19) , and unfortunately, in some cases, even standard prophylactic measures such as anticoagulation may be contraindicated. Temporary inferior vena cava (IVC) filters are a well-recognized, albeit controversial, management tool to prevent pulmonary embolism and are typically deployed with percutaneous endovascular technique under fluoroscopic guidance. Bedside placement of IVC filters with ultrasound guidance in critically ill patients, however, is becoming more common in certain institutions. Initially, it is necessary to assess the IVC for anomalies, thrombus, and acceptable size and to assess the renal veins for filter deployment. Filters must be placed immediately below the renal veins to be effective. Although contrast venography has traditionally been viewed as the gold standard, ultrasound has inherent advantages such as avoidance of nephrotoxic agents, radiation, and patient transportation. Transabdominal color-flow duplex (20) . Furthermore, anasarca and ileus must resolve, often delaying filter placement. In contrast, intravascular ultrasound has been reported to be an easy and safe technique used to perform bedside placement of an IVC filter, with more accurate localization of the renal veins than contrast venography (21, 22) .
Insertion
ultrasound probe is then inserted to the level of the right atrium. After identifying the vasculature, the probe is placed at the most inferior renal vein. If any concerns about the anatomy or venous anomalies are raised, then a contrast-enhanced venogram can be obtained through the filter delivery sheath. The IVC filter may then be inserted over the second guidewire and advanced under ultrasound guidance until the deployment site is reached. After deployment, the ultrasound probe filter catheter, guidewires, and sheath are removed. We agree with the suggestion that any significant size difference between the suprarenal and infrarenal IVC, or large side branches below the renal veins, should prompt venacavography to better delineate and confirm normal anatomy (24) .
SPECIFIC INTERVENTIONAL PROCEDURES: ABDOMEN
The most common use of interventional ultrasound in the critical care setting for the abdomen is to drain fluid and abscesses. Although percutaneous abscess drainage is commonly performed with CT guidance, ultrasound has many advantages particularly relevant to critical care, such as avoiding the need for transport. However, ultrasound may not be able to detect abscesses in deep locations that may be obscured by overlying bowel, vital organs and vessels. Thus, CT remains the imaging modality of choice for identifying abscesses. However, ultrasound is well suited for treatment of organ-specific, renal, hepatic, and superficially located abscesses and for many peritoneal abscesses (Fig. 5) .
Technique: Intraperitoneal Abdominal Abscess Drainage. The Seldinger technique is generally preferred, unless the abscess is very superficial and large; then, the trocar technique is preferred. With imaging, the fluid collection is located and an approach selected. Under ultrasound guidance, local anesthesia should be applied using a 19-gauge sheath needle down to the abscess, and a small amount of fluid should be aspirated and sent for analysis. Nakamoto and Haaga (25) suggest that if the fluid aspirated is purulent, a standard 0.035-inch guidewire should be advanced into the abscess. The tract can then be dilated, as is typical with the Seldinger technique, and a catheter placed. Thin pus does not usually require catheters of Ͼ10 Fr, whereas more viscous fluid may require 14-Fr catheters. The position of the catheter should be visualized, after which the drainage device should be sutured. Catheters may be at- Figure 5 . Left, complex collection representing an appendiceal abscess. Supportive evidence is identified by an appendicolith, as identified by the arrow, which is echogenic in appearance, representing calcium. An additional supportive confirmatory ultrasound sign of calcium is the posterior acoustic shadowing that is identified by the arrowhead. Right, color-Doppler ultrasound is also very useful in demonstrating increased vascularity to a collection that would be in keeping with the increased vascularity seen in inflammation. The arrow points to increased vascularity.
tached to Hemovac or Jackson-Pratt drains. The catheter should remain in place until drainage decreases sufficiently (Ͻ10 mL/24 hrs) or the patient's clinical status improves (decreased white blood cell count, no fever).
Paracentesis
Ultrasound-guided paracentesis (Fig.  6 ) is commonly performed either as a diagnostic or therapeutic procedure in the presence of ascites or suspected bacterial peritonitis. Paracentesis provides almost immediate symptomatic relief and is usually well tolerated. Initially, ultrasound scanning of the peritoneal cavity is performed with a standard-frequency sector or curvilinear probe (e.g., 3.5 or 5 MHz) to locate the largest fluid collection and to allow assessment of the entire abdominal contents. The field of view may then be focused with a higherfrequency transducer. This can be accomplished by using a 7-4 MHz curvilinear probe with a low-gain setting and optimized focal zone (26) . Careful attention should be paid to any potentially obstructing vessels such as the epigastric artery. In patients with ascites, one must be particularly mindful of possible superficial collateral vessels associated with liver disease. Indeed, ultrasound is particularly well suited to paracentesis because it can assist in distinguishing transudative from exudative ascites and benign from malignant pathogeneses. Transudative ascites usually appear anechoic (completely black) on ultrasound, whereas exudative ascites are often loculated fluid collections and may include particulates, septa, or fluid interposed with matted bowel loops (26) .
The best areas for paracentesis are 2 cm below the umbilical line at the linea alba or 5 cm superior and medial to the anterior superior iliac spines. The preferred sites for large-volume paracentesis are the dependent positions, such as the right or left lower quadrants. As mentioned previously, care should be taken to avoid the inferior epigastric artery, which normally travels approximately 4 -8 cm lateral to the midline along the lateral third of the rectus (27) . After standard preparation, local anesthesia is delivered using 1% lidocaine down to the parietal peritoneum. A simple needle can be used for aspiration and as tandem for either the trocar or Seldinger techniques for catheter insertion. Nakamoto and Haaga (25) advocate using a 15-or 20-cm-long, 19-gauge sheath needle for obese patients and optional use of the freehand technique, rather than a needle guide, for smaller collections and for those adjacent to major vessels or the spleen. Complications from paracentesis are infrequent. Injury to the epigastric artery is reported to occur 0.2-2.0% of the time (27) . Hemorrhage, bowel perforation, and hypotension have also been reported, but these are rare complications (28) .
Subphrenic Abscess
The vast majority of subphrenic abscesses are postoperative, often resulting from pancreatic, gastric, or biliary surgery. Other common causes include abdominal trauma, hepatic abscesses, and Crohn disease. Surgical approaches used to treat these abscesses are associated with high morbidity and mortality. In contrast, the literature on percutaneous drainage has documented success rates approaching 90%, with a relatively low mortality rate of approximately 11%. Thus, percutaneous abscess drainage represents a major advance in management of subphrenic abscesses (29 -31) .
Image guidance is well suited to drainage of these fluid collections because ultrasound allows one to differentiate the collection from adjacent vital structures, such as the liver and diaphragm, and permits real-time visualization of the needle tip in the abscess, avoiding injury to the adjacent organs. Traditionally, these abscesses have been drained using a subpleural or extrapleural approach. Anatomically, however, these abscesses are often located in such a way that the pleura, which attaches at the 12th (posterior), tenth, (lateral), and eighth (anterior) ribs, may obstruct access, making the extrapleural approach technically challenging. It should be noted that Gervais et al. (32) have advocated an innovative endoscopic ultrasound-guided drainage approach for these abscesses, with promising results.
Either the Seldinger or trocar technique can be used, depending on operator preference. Both involve advancing a standard 19-gauge needle sheath under the ribs into the fluid collection using real-time ultrasound guidance. Particular attention should be paid to the trajectory of the needle and the angle of the catheter. Gervais et al. (32) advocate placing the needle into the most caudal area of the abscess, with the tip pointed in a cephalad direction. This permits the guidewire that is inserted through the needle to move in a cephalad direction under the diaphragm and, in turn, allows the drainage catheter to be inserted immediately inferior to the diaphragm, over the guidewire, accessing the dilated tract and cavity.
Hepatic Abscess
There are three major types of liver abscess. Pyogenic abscesses are by far the most common, accounting for Ͼ80% of cases. In addition, amoebic and fungal abscesses, usually secondary to Entamoeba histolytica or Candida species, each account for approximately 10% of liver abscesses. Without treatment, hepatic abscess is inevitably fatal. Even with timely antibiotics and drainage, mortality rates are high, with reports in the literature varying between 5% and 25% (33, 34) . CT is the diagnostic modality of choice, with a sensitivity of 80 -90%; however, ultrasound has a reported sensitivity of approximately 80% and can identify an abscess approximately 1 cm in diameter (35) . Many hepatic abscesses at presentation appear loculated and have multiple septations or portions that appear solid. However, it is worthwhile aspirating or placing a catheter in all hepatic abscesses, as almost all respond dramatically to percutaneous drainage. Intervention is certainly warranted if a patient with pyogenic hepatic abscess does not respond to drug therapy within 48 hrs (Fig. 7) .
Percutaneous drainage of hepatic abscess is the therapeutic procedure of choice and is successfully curative in Ͼ90% of cases (36, 37) . Access can be made via an intercostal or subcostal approach, depending on the location of the fluid collection. In general, when attempting to drain these abscesses, one should be careful to avoid the pleural space, bowel loops, and large intrahepatic vasculature, visualized using real-time ultrasound guidance. The abscess should be approached from an anterior abdominal route, with the patient lying supine, or via an intercostal approach, with the patient in lateral decubitus. Some interventionists advocate needle aspiration alone for hepatic abscesses, with excellent reported results (37) . Clinical management includes monitoring the nature and volume of drainage. Ideally, white blood cell counts should normalize within 1 wk and patients should defervesce within 72 hrs. If drainage persists, or if the nature of the fluid changes, then biliary communication must be suspected and re-imaging and a sinogram are usually recommended.
Renal Abscess
The inherent difficulty in both the diagnosis and treatment of renal abscesses has been well documented. Salvatierra et al. (38) reported a mortality rate of 56%, and Adachi and Carter reported an approximate 40% mortality from perinephric abscesses, even with surgical drainage (39) . Prompt treatment is absolutely essential in the management of these patients (38, 40) . Common nonspecific clinical signs and symptoms in patients with renal abscess include fever, pain, abdominal discomfort, and leukocytosis. Furthermore, these findings are often persistent and have usually been present for a prolonged period of time. In addition, white blood cell counts are typically only moderately elevated. Elevation of serum creatinine is often not present, but if elevated, it should always prompt suspicion.
Multidetector CT is the modality of choice in diagnosing renal abscesses, which can be extremely difficult to visualize under ultrasound, particularly in the early stages and if small. In later stages, however, they may be well seen (Fig. 8) . Once identified under multidetector CT, these are best aspirated and drained using ultrasound in the ICU setting. Very small abscesses (Ͻ3 cm) have been treated successfully in the past with antibiotics alone. However, aspiration can help speed resolution. Either CT or ultrasound image-guided percutaneous drainage of these abscesses is often the best choice, with reports of minimal morbidity and reasonable results (41, 42) . When draining renal abscesses using percutaneous intervention, the best route for needle entry is through an oblique posterolateral approach along the Brödel line, located near the posterior axillary line, approximately 3 cm below the 12th rib. This approach avoids most of the erector spinal muscles, pleural space, and bowel.
Pancreatic Fluid Collections
Pancreatic abscess can be safely managed with percutaneous drainage, but only if there is no solid necrotic debris of Ͼ1 cm in diameter. Patients with extensive necrosis should not be treated with percutaneous therapy and, instead, require surgical debridement. Thus, it is important to conduct preprocedural screening to rule out this contraindication. The gold standard for imaging pancreatic abscesses is still enhanced multidetector CT. However, magnetic resonance imaging is also proving to be a valuable imaging modality, with reported high sensitivity and specificity rates. Therefore, the role of realtime ultrasound-guided drainage of pancreatic collections is essentially limited to an ICU setting, but only after predrainage, guided by multidetector CT/magnetic resonance imaging (Fig. 9) . As stated previously, it is essential to avoid potentially infectious complications from unrecognized necrotic debris that cannot be removed with drainage and requires surgical intervention (43) . The most common modality used to guide drainage catheter placement is CT, with success rates reported to be approximately 86%. Note that during the procedure, care should be made to avoid the colon.
Pseudocysts of Ն6 cm that have been present for Ն6 wks usually require treatment. Drainage can be percutaneous, surgical, or endoscopic. The Seldinger approach is most commonly utilized for drainage of pancreatic abscesses, with use of a 0.035-inch guidewire and 19-gauge trocar needle. Catheter size should be selected based on viscosity and quality of the initially aspirated fluid, and the cavity should be irrigated with saline until all purulent fluid and debris have been removed (44) . Catheters are removed according to the standard criteria outlined previously, but it should be noted that pancreatic abscesses often required prolonged drainage, with a mean of 32 days (45) . An alternate treatment option involves an invasive procedure that utilizes endoscopic ultrasoundguided creation of a transgastric or duodenal fistula allowing for drainage. Subsequently, the fistula can be sealed with glue once treatment is completed. Figure 7 . Left, solid collection, identified by the arrow, in keeping with a subphrenic perihepatic abscess. The arrowhead identifies the echogenic right hemidiaphragm and the star identifies the liver. Right, ultrasound image of the left lobe of the liver reveals a cystic structure (arrow) with internal linear bright areas that either represent septations, internal debris, or infected material that, in the appropriate clinical context, would be in keeping with a liver abscess. 
Acute Cholecystitis (Percutaneous Cholecystostomy)
Clinically, both forms of cholecystitis, calculus and acalculus, are indistinguishable, and initial treatment is the same (i.e., decompression of the gallbladder). However, patients with calculus cholecystitis will often require subsequent cholecystectomy. In this cohort, ultrasound is the imaging modality of choice. Ultrasound findings of acute cholecystitis include 1) a distended gallbladder of Ͼ5 cm, 2) gallbladder wall of Ͼ3 mm in thickness, 3) positive Murphy sign (transducer-elicited tenderness over the gallbladder), 4) gallstones/sludge, and 5) pericholecystic fluid (46) . In acalculus cholecystitis, similar findings are observed, except, of course, the presence of visualized calculi. However, echogenic sludge may still be present in a distended gallbladder, and a thickened wall and pericholecystic fluid may indicate the presence of gangrene (46) . Other findings that might suggest gangrenous cholecystitis are asymmetrical wall thickening and intraluminal debris (Fig. 10) .
In the appropriate clinical setting, the previously described imaging findings allow for the diagnosis of acute cholecystitis in 94% of patients. However, it is important to remember that gallbladder wall thickening may also occur in other diseases, such as acquired immunodeficiency disease, and hepatitis. Furthermore, ultrasound has several pitfalls: first, calculi are often found incidentally in critically ill individuals without gallbladder disease; second, a Murphy sign may be difficult to elicit in some severely ill patients who may be comatose or nonresponsive to painful stimuli (8) .
An alternate imaging modality that has a reported sensitivity and specificity of up to 96% for the diagnosis of acute cholecystitis is a nuclear medicine hepatoiminodiacetic acid (HIDA) scan. It is based on the principle that the radiopharmaceuticals introduced intravenously are primarily excreted by the hepatobiliary system. If no radiotracer material is identified within the gallbladder up to 4 hrs after introduction but instead is visualized within the bowel, common hepatic, or common bile duct, it implies the diagnosis of acute cholecystitis due to a cystic duct obstruction. This imaging test can be extremely useful in confirming the diagnosis of acute cholecystitis.
Treatment. Initial treatment is decompression of the gallbladder. This can be accomplished by either placement of a drainage catheter or by simply aspirating the gallbladder with an 18-gauge needle (Fig. 11) (47) . The latter method is more useful in diagnosing and treating patients suspected of having acalculus cholecystitis (47) . Relief of symptoms after gallbladder aspiration is not only diagnostic but can also be significantly therapeutic. Thus, simple gallbladder aspiration is an excellent method to treat acalculus cholecystitis in many patients (8) .
The gallbladder can be drained through either a transhepatic or direct transperitoneal approach. In acute cholecystitis, the gallbladder is usually extremely distended and often extends below the liver margin, making it easily accessible to direct puncture. Either the Seldinger technique or a one-step trocar technique can be utilized (8) . The advantages for a transhepatic approach include 1) lower risk of colonic perforation, 2) lower risk of loss of access to the gallbladder, and 3) lower risk of bile leakage into the peritoneal cavity. The tract created through the liver is usually peripheral and color Doppler can be used to identify large vasculature that must be avoided. If one attempts the transhepatic approach, the coagulation profile of the patient needs to be optimized. Most commonly, this procedure is performed under ultrasound guidance in the critical care patient. The indications for a direct transperitoneal approach include a gallbladder that is relatively accessible with a onestick trocar technique. However, the transhepatic approach can also be utilized in this setting and is often the preferred approach of most interventional radiologists. The advantages of a transhepatic approach have been outlined previously, and in this case, the Seldinger technique should be utilized for catheter placement.
Under ultrasound guidance, the initial puncture is performed with an 18-gauge needle, and 5 mL of bile is usually removed to partially decompress the gallbladder and provide a sample for Gramnegative stain and culture. The position of the needle tip should be visualized under ultrasound and its location within the gallbladder confirmed. The needle can then be used as a tandem for either the one-stick direct trocar technique or, alternatively, a guidewire can be inserted Figure 10 . Top, ultrasound imaging of the right upper quadrant reveals a distended, thick-walled gallbladder (star) with numerous gall stones (arrowhead). Extensive posterior acoustic shadowing is demonstrated by the fan-shaped region of decreased echogenicity (arrow), which is a characteristic ultrasound finding of a calcified structure. Calcified substances do not allow transmission of the ultrasound beam, therefore giving the appearance of decreased echogenicity. Middle, color-Doppler image of the gallbladder that is useful in demonstrating increased vascularity identified by the arrow (tubular structures representing vessels). This appearance is highly suggestive of an inflamed gallbladder. Bottom, echogenic material layering posteriorly within the gallbladder (arrow) represents a significant degree of sludge. In the appropriate clinical context, this would be in keeping with acalculus cholecystitis. Figure 11 . Aspiration of a thick-walled gallbladder. The linear echogenic structure (arrow) within the gallbladder is the aspiration needle. through the needle, after which the tract is dilated and a pigtail-shaped drainage catheter (nephrostomy tube) is inserted over the shift-shaft J-guidewire. The catheter is then left to drain via gravity. Rapid evacuation should be avoided because it may trigger a vasovagal reaction. After percutaneous decompression, dramatic clinical improvement in symptoms can be seen in about 90% of the patients (48) . Failure of clinical improvement within 24 -48 hrs is suspicious for an alternate pathogenesis or the presence of complications (bile peritonitis, bile duct obstruction) (Fig. 12) . Gangrene of the gallbladder should also be suspected if there is persistence of symptoms after decompression.
Catheter Removal. Usually, the drainage catheter can be removed after the tract has matured and patency of the cystic duct has been demonstrated. Because the time frame for tract maturation is approximately 3 wks, catheters can be removed safely after Ն3 wks. A cholecystogram should also be obtained to assess patency of the cystic duct and to identify calculi that may have been missed on initial imaging.
Percutaneous Nephrostomy
Percutaneous nephrostomy was first described in 1955 and is now a common procedure used to relieve urinary tract obstruction (Fig. 13) in the presence of an increased white blood cell count, fever, pyohydronephrosis, and a rapidly increasing creatinine level. Ultrasound guidance is an excellent method because it again permits real-time visualization of needle placement necessary for obtaining initial access to the renal collecting system. This is particularly true if the patient has mild hydronephrosis. Antibiotic prophylaxis for patients with suspected pyonephrosis or renal stone disease, or both, should always be used before any intervention. In ultrasound-guided percutaneous nephrostomy, one generally targets a posterior calyx using an oblique posterolateral approach along the Brödel line, near the posterior axillary line, approximately 3 cm below the 12th rib. This is preferred because it avoids the pleura, erector spinal muscles, colon, liver, and spleen and has the lowest risk of arterial injury and subsequent hemorrhage (8) . It should be noted that this only applies to native kidneys; for transplant kidneys, one should consider targeting the anterior calyx because of the superficial location and different axis. Initial trajectory is made with a 20-gauge Chiba or 18-gauge sheath needle. After the position is confirmed and is satisfactory, the tract can be dilated using the Seldinger technique, and an 8-or 14-Fr catheter, self-retaining nephrostomy tube attached to a closedsystem drainage bag can be placed (49) .
Complications include significant bleeding requiring transfusion, bacteremia, and inadvertent puncture of the pleura or abdominal viscera (e.g., liver, colon, and spleen). In addition, catheter dislodgement is a common problem, and as such, catheters should be securely sutured in place. Retroperitoneal urine extravasation, or significant macroscopic hematuria causing clot colic and/or catheter blockage, may require further interventions (50).
SPECIFIC INTERVENTIONAL PROCEDURES: PELVIS
Pelvic abscesses most frequently arise as a complication of gastrointestinal disorders typically related to acute appendicitis, bowel diverticulitis, and Crohn disease. Postoperative fluid collections are also common, particularly after bowel surgery, as are gynecologic pathogeneses, the most prevalent being tubo-ovarian abscess arising secondary to pelvic inflammatory disease (8) . Approaches for percutaneous drainage of pelvic abscesses include transabdominal, transgluteal, transvaginal, and transrectal routes (7) . Infected collections present within the pelvis pose unique technical challenges due to deep location, surrounding bony pelvis, overlying bowel, genitourinary tract, and overlying vascular structures. If a safe anterior approach exists, it is the preferred route for percutaneous evacuation, especially when utilizing the trocar technique. However, due to gravity dependence of the fluid, the majority of the infected fluid collections occur posteriorly in the pelvis, and drainage of these collections may require alternative entry sites such as transgluteal, transrectal, and transvaginal (7, 8) .
Transgluteal Drainage. This is technically challenging, and transgluteal drainage of abscesses is usually performed under CT guidance. The best access route is inferomedial, staying as close as possible to the sacrum to avoid injury to the sciatic nerve and internal iliac arterial branches. Persistent catheter-related pain may be due to the close proximity of the tract and the sacral plexus. This should be re-evaluated and the catheter repositioned under CT guidance. Complications include pelvic hematoma and catheter kinking when the patient lies in the supine position. This can be minimized by encouraging the patient to lie in the decubitus position if possible.
Transrectal and Transvaginal Drainage. Experience with these routes of drainage is growing, and these techniques seem to be effective and well tolerated. Needle guides are available for both transrectal and endovaginal probes that help guide the needle into the fluid collection. Success rates in the range of approximately 88% have been reported in the literature in the treatment of pelvic abscesses by ultrasound-guided transrectal aspiration using 18-gauge needles (51) . After aspiration, the infected cavities were also lavaged with saline. Although no permanent catheters were placed, the reported results were comparable with those reported for catheter drainage. Thus, it seems that immediate catheter drainage is not necessarily indicated and that most of these patients may experience similar benefit with one-step aspiration lavage and antibiotic therapy. Demonstrates clinical utility of ultrasound in detecting biliary dilations, seen here as numerous tubular cystic structures (arrow) within the liver. Figure 13 . Ultrasound image of the right kidney reveals connecting, dilated, urine-filled tubular structures (arrow), representing a dilated renal collecting system in keeping with hydronephrosis. In this setting, the patient had an increased white blood cell count and a fever, necessitating percutaneous drainage.
However, enteric abscesses that have communications with the gastrointestinal tract pose a unique problem. In these cases, it is important to recognize that a communication with the bowel lumen exists, and if this communication is not allowed to close before removal of the catheter, successful drainage will not be accomplished.
Some Pearls and Pitfalls to Be Remembered. Usually, transrectal guidance and abscess drainage is better tolerated than transvaginal, as the transvaginal approach is associated with a greater amount of pain. As such, it is generally agreed on that the transrectal approach is preferred. Furthermore, it seems that although the transrectal route is better tolerated utilizing the Seldinger technique, the transvaginal route is better tolerated using the trocar-type technique (8) .
MISCELLANEOUS
In addition to the procedures outlined above, ultrasound is providing new and ever-increasing interventional roles at the bedside of the critical care patient. For example, percutaneous dilational tracheotomy, used to establish tracheostomies for mechanically ventilated patients, can be performed with reduced complications, particularly bleeding from neck vasculature (52). Chen et al. (53) have reported promising results with ultrasound-guided inguinal hernia reduction, a common abdominal emergency. In addition, ultrasound can facilitate suprapubic cystostomy, an emergent decompressive procedure for urinary retention, by guiding needle aspiration of the bladder with significantly increased success rates (54) . Lumbar puncture, a common procedure in the ICU, can be facilitated by use of a 7.5-MHz linear probe placed in the transverse plane over the midline of the back at the level of the iliac crests; in this view, the spinous processes are visualized as distinct echogenic bright shadows (55) . There are even reports of ultrasound being successfully employed to facilitate spinal nerve root blocks.
Ultrasound technology continues to develop as well. Color-flow mapping represents an advanced form of colorDoppler imaging. In this modality, mean velocity and flow direction are color coded, the information is then superimposed on a conventional real-time ultrasound image, and the nonmoving images are subtracted by a process called auto correlation. Perhaps the most significant advances are related to the development of three-dimensional ultrasound with the use of multiplanar reformatted images displaying three orthogonal planar Bmode images simultaneously. This volumetric display capability will undoubtedly prove superior to conventional twodimensional display because it permits visualization from three complementary views, allows visualization of the target from any orientation, and provides the ability to scroll through complex structures (56) .
CONCLUSION
Ultrasound has markedly progressed both in its portability and breadth of application during the past decade. With continuing advances such as those outlined above, it can be anticipated that the role of ultrasound will continue to expand in the ICU. Ultrasound affords the interventional radiologist a unique tool due to its affordability, portability, lack of radiation or nephrotoxic contrast exposure, and the ability for real-time visualization. Indeed, ultrasound in the critical care setting is now truly indispensable for facilitating rapid diagnosis and allowing for more convenient and less complicated therapeutic procedures. Minimally invasive procedures are particularly desirable in the ICU, and the significant benefit of performing procedures at the bedside without delay or patient transportation risk should not be underestimated.
It is therefore important that interventionists take the initiative and utilize ultrasound, particularly with respect to procedures such as central catheter placement, for which there is already a substantial amount of evidence demonstrating benefit. Similarly, interventionists should be encouraged to continue to expand the applications of this unique technology in the critical care setting. Nevertheless, although it is likely that bedside ultrasound-guided interventions will increasingly become the norm rather than the exception in the ICU, like so many other operator-dependent tools, accuracy and effectiveness depend on the familiarity and skill of the operator. Thus, further refinement of training, credentialing, and standards will need to be addressed. In the future, with advances in ultrasound technology and as more operators become familiar and adept with its uses, the interventional applicability and diagnostic potential of ultrasound as an imaging modality will most certainly continue to improve.
